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Abstract
The thesis entitled 'Estimation of the proton affinity values of Amino acids and their methyl esters by the Kinetic method under Electrospray Ionization conditions & Development of new matrices for Matrix-assisted laser desorption/ionization' has been organized into five chapters. Chapter 1 deals with the estimation of proton affinity values of amino acids by the kinetic method under Electrospray ionization conditions. It deals with two sections. Part 1 depicts the proton affinity measurements of amino acids by Mass Spectrometry illustrated in the literature so far. Part 2 is about the proton affinity of amino acids estimated by the kinetic method under Electrospray ionization conditions in this study. Chapter 2 consists of the secondary deuterium isotope effects on the proton affinity and gas phase basicity of glycine and alanine methyl esters. Chapter 3 deals with the proton affinity measurements of methyl esters of nineteen naturally occurring amino acids. Chapter 4 comprises studies on development of new matrices for MALDI, where two new matrices are reported. Part 1. 5-Ethyl-2-mercaptothiazole as a new matrix for MALDI of a broad spectrum of analytes in both positive and negative ion modes. Part 2. 5-Amino-2-mercapto-1,3,4-thiadiazole as a matrix for MALDI of neutral carbohydrates. Chapter 5 deals with the proton affinity measurements of fifteen MALDI matrices under Electrospray ionization conditions using the kinetic method. 

Chapter 1. Estimation of Proton Affinity Values of Amino Acids by the Kinetic Method under Electrospray Ionization Conditions. 
Part 1. Proton affinity measurements of Amino acids by Mass Spectrometry 
The mass spectral analysis of proteins and peptides is possible due to the proton attachment, which has a significant role in the structure and function of the same in both solution and gas phases. Analysis of peptides by positive ion mass spectrometry gives the protonated species irrespective of the ionization method that is employed. The proton location has a significant role in the biological activity and the fragmentations of a protonated peptide in the gas phase, which in turn is partly determined by the intrinsic proton affinity of the peptide's amino acid constituents. For this reason, a large number of mass spectral studies have been devoted to establishing the proton affinity values of the naturally occurring a-amino acids. 
Mass spectrometry is a very useful tool for obtaining thermochemical information concerning gas-phase ionic species. Particularly, the study of gas-phase basicities (GB) and proton affinities (PA) of molecules has been a major undertaking in the field of gas-phase ion chemistry since; such measurements provide information on the intrinsic properties of molecules in the absence of solvation effects. 
With the advent of ion selection facility in tandem mass spectrometers, the properties of proton-bound dimers could be studied without any interference from other ions, by mass selecting them before allowing to dissociations. In both metastable ion and CID experiments, the species having higher affinity for proton preferentially carries it after dissociation. Thus, proton transfer reactions are the major processes that are observed in these reactions. Because of the easy access to such experiments, thermochemical information of compounds could be gained at hand. Various mass spectral methods are reported for obtaining the proton affinity values of different classes of compounds including amino acids. Out of which, the kinetic method established by R.G. Cooks is found to be most widely used with various modifications proposed later on by different research workers to include the entropy contributions that exist during the measurements. 
In the present work, the relative order of PA values of 20 common amino acids was determined by the kinetic method using the bracketing technique as Gly < Ala < Cys < Ser < Asp < Val < Leu < Thr < Ile < Phe < Tyr < Met < Glu < Asn < Trp < Pro < Gln < Lys < His < Arg, in the order of increasing PA values. It can be seen that the order obtained in this study is similar to the ones reported by others, except in few cases. The experiments were repeated under liquid secondary ion mass spectrometric (LSIMS) conditions using a sector mass spectrometer (Micromass VG AUTOSPEC-M, Manchester, UK). The study of mass analyzed ion kinetic energy (MIKE) spectra of various proton-bound heterodimers of aminoacids also showed the same order that is obtained under ESI conditions except in the case of proline and tryptophan wherein the abundance of the protonated tryptophan ion is more than that of protonated proline as reported in most of the earlier studies. Therefore, the changes in the order of PA by different ionization techniques may be attributed to the changes in internal energies of the proton-bound heterodimers used in the dissociation studies. Based on these observations, keeping in view of the importance of amino acids, extensive work is being carried out to establish their data of PA values. 
Part 2. Proton affinity values of amino acids estimated by the kinetic method under Electrospray ionization conditions 
Keeping in view of the importance of thermochemical properties of amino acids in biological activity, a large number of mass spectral studies have been devoted to establishing the proton affinity values of the naturally occurring a-amino acids. The PA values of amino acids reported so far by different research groups are in good agreement with each other in most of the cases except those where entropy factor plays a role as in the case of aspartic acid, glutamic acid, proline, tryptophan, glutamine, lysine and histidine. Because of the presence of different functional groups, entropy effect contributions from amino acids are different from one another. In most of the studies, the values reported were obtained from the simple kinetic method that was developed by Cooks et al. which is based on the competitive decomposition of the ion-bound dimers by either metastable decomposition or collision-induced dissociation. In these studies, entropy effects were assumed to be negligible provided that the compound of unknown thermochemical property and the reference base are structurally similar. As this criterion was not met to certain extent in most of the earlier studies, there are differences in the proton affinity values reported in earlier studies. In addition to this, because of the different ionization techniques that are being used for these experiments, several discrepancies crept in the values that are reported in the literature till date. Because of these discrepancies there is a need to measure the proton affinity values of amino acids with full entropy analysis to arrive at accurate results. 
Estimation of PA values by the kinetic method involves measurement of peak height ratios of the protonated monomers of the compound with unknown PA and that of the reference base with known PA values, generated from the collision induced dissociation of the corresponding proton-bound heterodimers. The species having higher affinity for proton preferentially carries it after dissociation. According to the kinetic method, the ratio of rate constants (k 1 and k 2) for the competitive dissociation of a cluster ion comprised of the compound of interest and a reference compound (eq.1) can be expressed as equation 2 
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where ln ([B1H]+/[B2H]+) is the natural logarithm of the abundance ratio of protonated reference base compound (B1) and that of the compound (B2) with unknown proton affinity value, respectively. PA(B1) and PA(B2) are the proton affinity values of the respective compounds B1 and B2. R is the gas constant, and Teff is the effective temperature of the activated dimer ion. This is a simple expression of the kinetic method where entropy effects are assumed to be negligible. The method was extended later by different groups to incorporate entropy effects by carrying out the experiments at various collision energies in cases, where entropy contributions cannot be ignored. By plotting logarithms to fragment ion abundance ratio at various collision energies against the PA of the reference base compounds linear regressions are obtained, from the intercepts and slopes of which another plot is charted which gives the proton affinity value of the unknown base. As the regression coefficient (r2) from the second plot (negative intercept versus slope) is unity in each case studied, a statistical procedure developed by Armentrout is followed to remove the covariance between the slope and intercept. By this method, instead of directly plotting ln[B1H+]/[B2H+] versus IA(B1), the average ion affinities of reference bases, IA(B1)avg is subtracted from the proton affinities of the unknown and reference bases in equation (2). For kinetic method data, the slope of this plot m 1 is ?1/RT eff and the y 1 intercept is given by the expression 
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Now, a plot of intercept (y 1) versus the negative of the slope (-m 1) will give a slope of (m 2) ie., IA(B 2)-IA avg and the y intercept (y 2) of -D(DS)/R. This is a modified version of the extended kinetic method. In the present study, experiments are carried out at 2, 5 and 10 eV of collision energy. The PA measurements of 19 naturally occurring amino acids are carried out by the Armentrout's method of extended kinetic method with full entropy analysis. For 14 out of 19 amino acids studied, amino acids themselves have been used as reference bases. For least basic amino acids (Gly, Ala and Cys) anilines, and for the most basic amino acids (Lys and His), pyridines and amines have been used as reference bases. Bojesen and Briendahl scale of amino acids that is adjusted to absolute PA scale is used as reference scale, while for anilines, pyridines and amines, Hunter and Lias scale / NIST data base is used. 
From the results obtained (Table 1), it is found that, for the amino acids, Ser, Val, Leu, Thr, Ile, Phe, Tyr, Met and Asn, where the entropy factor is < ? 0.5, the proton affinity values obtained after entropy corrections are similar to those of the average apparent free energy values obtained at different collision energies and also close to the literature values. In case of Gly, Ala and Cys, the entropy factor is found to be >1 as the reference bases used belong to a different class of compounds (anilines), still the values are in agreement with the reported values. In case of Asp, Glu and Gln, where the difference in entropy factor is >1 though amino acids are used as reference bases, the PA values obtained after entropy corrections are higher than the literature values. In case of Pro and Trp, decrease in the PA values is observed in the second plots which may be attributed due to the negative entropy contributions. Lys and His showed positive entropy values and the entropy corrected PA values fairly agree with the literature values. 
Fig. No. 3 : Table 1. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a143_figureNO3.jpg" \t "_blank​) 

Chapter 2: The Kinetic Method Reveals Secondary Deuterium Isotope Effects on the Proton Affinity and Gas-Phase Basicity of Glycine and Alanine Methyl Esters Labelling studies are widely used in chiral recognition mass spectrometry. In one such attempt for chiral discrimination using new chiral matrices by liquid secondary ion mass spectrometry (LSIMS) in our laboratory, methyl esters of some amino acids and their deuterated analogues were synthesized. The mass analyzed ion kinetic energy (MIKE) spectrum of the proton-bound heterodimer of the amino acid methyl ester and its d 3-analogue in glycerol gives ions corresponding to the protonated monomer species of the two. It has been observed that the peak corresponding to the deuterated methyl ester is more abundant than the corresponding unlabelled amino acid methyl ester. This indicates that the gas-phase basicity (GB) of the labeled amino acid methyl ester is more compared to the unlabelled species. This interesting observation has prompted us to undertake the detailed investigation to estimate the GB values of L-Glycine, L-alanine and b-alanine methyl esters and their deuterated analogues, which are not available in the literature. 
The experiments were carried out using the Thermo Finnigan LCQ quadrupole ion-trap mass spectrometer and Quattro LC triple quadrupole mass spectrometer for generating the data for proton-bound materials that were introduced by electrospray ionization. MS/MS experiments are carried out at a series of collision energies ranging from 18 to 30% of the maximum available collision energy (5?V, laboratory frame of reference) using LCQ ion-trap MS and 2 to 10 eV of collision energy using Quattro LC mass spectrometer, to dissociate the proton-bound materials. It is observed that the abundance of protonated labelled species is more than that of the corresponding unlabelled species obtained from the dissociation of the proton-bound heterodimer of the two. However, it is found that there is no trend in either the GB or T eff obtained as a function of collision energy; hence, the simple kinetic method has been used and averaged the GB and T eff taken at various collision energies together. From all the measurements, it is found that the gas-phase basicity values of L-Ala-OCD 3 and Gly-OCD 3 are greater than the corresponding unlabelled esters. However, the difference in the above said values for b-esters are not significant (Table 2). 
To account for the small, experimental differences in the GB values of the unlabelled and d 3- methyl esters, a theoretical justification for the differences manifest in the decompositions of the proton-bound dimers is looked for. For calculation efficiency, only the methyl ester of glycine is investigated. The calculated values for DE r = DH r of ?0.039 (or ?0.031) kcal/mol (depending on level) predicts a ~0.94:1.00 ratio of unlabeled to d 3-methylated product ions abundance. These results compare favourably with DPA = -DH r = 0.05 kcal/mol from the table 2 and the ratio of ~0.90:1.00 from Figure 1c. 
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Chapter 3: Estimation of the Proton Affinity Values of Methyl Esters of Naturally Occurring Amino Acids by the Kinetic Method under Electrospray Ionization Conditions Amino acid methyl esters have a significant contribution in various fields of chemical and natural sciences. Thermochemical data of such an important class of compounds is not available in the literature so far except for glycine methyl ester and hence, attempts have been made to provide the PA values for methyl esters of naturally occurring amino acids. Experiments are carried out using the Armentrout's modified version of the kinetic method. 
The acidic group of the amino acid gets converted to ester group upon methylation, hence, it loses the acidic property and acts as amine compound, because of which the proton affinity values also increase upon esterification of amino acids. The proton affinity values of amino acid methyl esters measured are found to be higher by 3.4 (? 5.2) kcal/mol on an average, than those of the corresponding amino acid. 
The average of the apparent free energy values are found to be high uniformly for the amino acid methyl esters compared to those of the amino acids, which is found to be 3.8 (? 1.4) kcal/mol on an average. The entropy corrected values show that in most of the amino acids the PA value is high for methyl esters than for amino acids (Table 3), except in case of leucine and lysine methyl esters. It has also been observed that the PA value of Tyrosine, Asparagine and Tryptophan increased drastically upon methylation by 8.1, 15.1 and 7.8 kcal/mol, respectively, which is observed to be high compared to the observed increase in PA in case of other amino acid methyl esters (Gly, Ala, Cys, Ser, Asp, Val, Thr, Ile, Phe, Met, Glu, Pro, Gln and His). From these observations, it is alerted that care should be taken during the PA measurements of compounds with multifunctional groups like amino acids and their derivatives using the extended kinetic method. 
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Chapter 4: Development of New Matrices for Matrix-Assisted Laser Desorption/Ionization Part 1. 5-Ethyl-2-mercaptothiazole: a new matrix for Matrix-assisted laser desorption / ionization of a broad spectrum of analytes in positive and negative ion modes. Matrix-assisted laser desorption / ionization (MALDI) mass spectrometry has been established as a powerful tool for the mass spectral analysis of vast array of compounds. It involves laser irradiation of analyte molecules usually at 337 nm in the presence of an excess of a suitable matrix of highly absorbing small organic molecules. The matrix molecules must possess the appropriate chemical properties so that analyte molecules can be ionized. The choice of matrix is crucial for success in MALDI experiments. A suitable MALDI matrix must firstly be soluble in solvents compatible with analyte, must have a strong absorption coefficient at the wavelength of the laser, must have a special affinity for analytes that allows them to be incorporated into the matrix crystals during the drying process and must co-crystallize with analyte molecules homogenously. 
Though several compounds meet the requirements discussed above, very few are found to be successful as a matrix of choice for different analytes. A universal matrix, which can be used in both positive and negative ion modes and for a wide range of molecules, has been elusive. Hence, we tried to overcome this problem by using 5-Ethyl-2-mercaptothiazole (EMT) as matrix for MALDI. It is a white crystalline solid with a melting point of 88-89oC, sparingly soluble in water and highly soluble in methanol, acetonitrile, acetone, tetrahydrofuran, chloroform and dichloromethane. The UV spectrum of EMT shows an intense absorption in the 300-340 nm wavelength region, with e max of 4.22 at 328 nm. In view of the UV absorption and solubility characteristics of EMT, and types of functional groups present in it, we have selected this compound as matrix of choice for MALDI-MS of broad spectrum of analytes. 
The matrix EMT was investigated with regard to its ionization behavior by generating its UV-LDI mass spectrum at above the threshold irradiance, i.e. at the optimum laser power for inducing ion desorption. The positive ion LDI spectrum shows the protonated molecule [M+H]+ at m/z 146 as the base peak accompanied by [2M-2H+H]+ at m/z 289 which corresponds to the protonated compound formed by disulfide linkage. The negative ion mode yields the [M-H]- ion as base peak at m/z 144, accompanied by fragment ions at m/z 113 and 58 which correspond to the loss of sulfur from the molecular ion M-? and formation of a stable fragment NCS-, respectively. 
EMT could be successfully used for the MALDI-mass spectral analysis of proteins/peptides like substance P, gramicidin, melittin and bovine insulin in both positive and negative ion modes, which are generally analyzed using a-cyano-4-hydroxycinnamic acid or sinapinic acid as matrix for these compounds. It is also tested to check its efficiency in the analysis of carbohydrates, which generally are analyzed using gentisic acid as a matrix. b-cyclodextrin is used as a representative compound for the purpose and found to be successful in analyzing the same in both positive and negative ion modes. Similarly, EMT has also been employed for the analysis of polymers like triacylglycerols of coconut oil and PPG 2000 in positive ion mode, which is found to be comparable to that of analysis with dithranol as matrix. From all these observations, it is found that EMT can be exploited for the analysis of different types of compounds in both positive and negative ion modes better than many of the commercially available matrix compounds. 
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Part 2. 5-Amino-2-mercapto-1,3,4-thiadiazole : A new matrix of choice for the efficient Matrix-assisted laser desorption/ionization of neutral carbohydrates Cationization with alkali metal ions such as sodium and potassium is a common mode of ionization of carbohydrates under MALDI. Conventionally, for the analysis of neutral carbohydrates, 2,5-dihydroxy benzoic acid (gentisic acid, GA) is used as a matrix of choice in postive ion mode because it favors sodium and potassium adduct formation of the carbohydrates. In due course, 2-mercaptobenzothiazole, its derivatives and various b-carboline alkaloids were also used as matrices for relatively low molecular weight carbohydrate analysis in both positive and negative ion modes. In a previous study (Chapter 4, Part 1), we reported 5-ethyl-2-mercaptothiazole as a good matrix in positive and negative ion modes for the analysis of b-cyclodextrin. It is understood from the literature that, GA is relatively a better cationizing matrix for carbohydrates and regarded as " Carbohydrate matrix". In this study, the performance of 5-amino-2-mercapto-1,3,4-thiadiazole (AMT) as matrix for MALDI of neutral carbohydrates of molecular weight up to ~ 5,000 Da has been compared with that of GA, which is considered to be a better cationizing matrix for carbohydrates so far. 
AMT is a pale yellow crystalline solid and its UV spectrum (Figure 9) shows an intense absorption in the 300-350 nm wavelength regions with e max of 4.12 at 322 nm. The compound was initially investigated with regard to its ionization behavior by generating its UV-LDI mass spectrum at above the threshold irradiance ie., at the optimum laser power, which shows the protonated molecule [M+H]+ at m/z 134 as the base peak accompanied by [2M-2H+H]+ ion at m/z 265 that correspond to the protonated species formed by disulfide linkage between the two AMT molecules. Considering the UV active nature of AMT, which is a non-carboxylic acid compound possessing both mild acidic (-SH) and basic (-NH 2) functional groups, we expected it to work as a good cationizing matrix for MALDI-MS of carbohydrates and tested with some representative compounds like b-cyclodextrin, maltodextrin and dextran-5000. Experiments are carried out using both AMT and GA simultaneously. 
From all the MALDI mass spectra obtained for the above said analytes, it has been observed that the ion yield is more when AMT is used as a matrix than with GA. This can be due to the better cationizing efficiency of AMT than GA which is also reflected from the respective UV-LDI, where cation adduct is not at all found in case of AMT, unlike GA, which explains less competition for cation in presence of AMT and hence, better cationization of analyte. It is also corroborated by the fact that the proton affinity of AMT estimated by us (213.0 kcal/mol) is higher than that of GA (204.4 kcal/mol). Thus, AMT is found to be a better medium for alkali metal ion adducts formation of neutral carbohydrates. 
Besides, one of the most important factors that has a vital role in giving better ion yields and efficient analysis by MALDI is, obtaining good co-crystallization of analyte with matrix to attain uniform surface morphology of the combination of the two. The performance of AMT over GA in MALDI is correlated with the surface morphology of the two in presence of various analytes discussed above. From the SEM photographs, it has been observed that b-cyclodextrin, maltodextrin and dextran-5000 have lost their morphological identity when co-crystallized with AMT. They all formed polycrystals of micron range, leading to clusters in case of b-cyclodextrin and maltodextrin and thin discontinuous film in case of Dextran-5000. The surface morphology of the analytes on GA showed pattern more or less similar to that of GA, where spindle shaped crystals are retained. When the efficiency of MALDI analysis is correlated with surface morphology of matrix/analyte combination, then morphology favors AMT over GA for all the analytes studied from the SEM photographs. All these observations support AMT to be a relatively better matrix for MALDI mass spectral analysis of neutral carbohydrates. 

Chapter 5: Estimation of the Proton affinity values of fifteen Matrix-Assisted Laser Desorption/Ionization matrices under Electrospray Ionization conditions using the Kinetic method In general, the overall Matrix-Assisted Laser Desorption/Ionization (MALDI) process is that, primary ions are created in a moderately hot, dense bath of neutral matrix molecules and clusters, known as matrix plume. These ions will then undergo collisions before being extracted into the drift region of the mass spectrometers. Then, secondary ion-molecule reactions occur, and the ions thus formed by proton-transfer, cationization and electron transfer reactions are finally observed in the MALDI mass spectra. Hence, from the studies of ionization mechanisms discussed above, it can be understood that the thermodynamics of (ground-state) proton and cation transfer reactions are critical factors in understanding MALDI. And, there is a need to have a sound knowledge of thermochemical properties like gas-phase basicities (GB) and proton affinities (PA), especially those of matrix compounds that are being used for MALDI mass spectral analysis of various classes of analytes. 
Till date, very few studies have been carried out for the measurement of GB and PA of MALDI matrices. However, the PA values reported for MALDI matrices are inconsistent because of intrinsic errors in the different methods, due to sampling of ions of different internal energy, and because of the use of different ionization techniques in these studies. In the present study, we estimated PA values of fifteen MALDI matrices under electrospray ionization conditions using the kinetic method. As the resulting apparent free energy value, obtained at different activation energies did not change significantly, the average of the apparent free energies are reported as the proton affinity (Table 4). 
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Mechanistic implications Various mechanisms that are observed during MALDI mass spectral analysis are directly or indirectly influenced by the choice of matrix, in turn on its thermochemical properties. a) Fragmentation MALDI, a soft ionization technique is capable of ionizing very large molecules while producing little or no fragmentation. The extent of fragmentation during desorption/ionization must be considered critically during matrix selection. When the proton affinity of matrix is low and that of analyte is high, the proton transfer reaction will be quite exothermic. This excess energy will be deposited into the reaction as internal excitation, and can lead to increased analyte fragmentation. Hence, the matrices with low PA are considered as 'hot matrices', which induce fragmentation of the analyte molecules b) Doubly charged ions In general, with the decrease in PA of the matrix, formation of multiply charged ions increases due to multiple protonation of the analytes like proteins. The same has been observed in our experiments with bovine insulin using 4HCCA, SA, MBT and EMT as an example. The intensity of the signal due to the doubly charged ion [M + 2H]2+ is higher with 4HCCA than with the other matrices studied. It decreases with the increase in PA of matrix from 4HCCA (201.0 kcal/mol) to SA (209.2 kcal/mol), and is insignificant with other matrices with higher PA. c) Matrix adducts To study the stabilization of carbohydrate ions in the negative mode, we carried out the analysis of b-cyclodextrin using four different matrices (GA, MBT, EMT and NH) of varying proton affinities. With GA (204.4 kcal/mol), which is having the lowest PA among these, [M - H]- ion is not observed at all. Instead, it is showing matrix adduct ion [M + GA ? H]-. Whereas, in case of analysis with NH (233.0 kcal/mol), which is having the highest proton affinity value among the MALDI matrices studied, [M - H]- ion is the only peak observed. With MBT (214.9 kcal/mol), peaks for both [M - H]- and [M + MBT ? H]- ions were observed, [M + MBT ? H]- ion being relatively more abundant than [M?H]- ion. When EMT (218.0 kcal/mol) is being used, [M - H]- ion is dominant. In addition, thiocyante ion [SCN]-, a fragment from EMT on laser irradiation adds to the substrate and gives rise to [M + 58]- ion. From these observations, it can be explained that the PA of matrices play a vital role in stabilizing the [M - H]- ion of the analyte molecule and in the formation of the adducts with matrix or matrix fragments. d) Cationization For some synthetic polymers, the dominant form of ionization is through cationization in the positive ion mode. The affinity for alkali metal cations like Na+ and K+ is found to be more than that of the affinity for proton in case of these analytes. This reflects the low proton affinity of these analytes, which would avert proton transfer from the matrix ions. Hence, matrix compounds with relatively high PA are generally used for the analysis of such compounds, which favorably cationize rather than protonate. The high PA of some matrices could also lend credence to the common practice of adding cationization reagent such as Na+, K+, Ag+ salts to MALDI matrices for polymers to increase the signal intensity, as protonation is less favorable in these species. All these observations conclude that the knowledge of thermochemical data like proton affinities of matrices besides that of analytes helps in improving the efficiency of MALDI analysis.

